We present a projection system that is capable of two-dimensional and three-dimensional image display. A novel projection architecture is discussed that can simultaneously generate two linear polarized fullcolor images with orthogonal states of polarization using only one optical system. Both images are modulated by using two high-resolution liquid crystal on silicon panels that are illuminated with high-power light emitting diodes. The optical core and the illumination system are simulated, characterized, and optimized with nonsequential ray tracing software. A proof-of-concept demonstrator of the entire projection system is built and characterized. Important component specifications are discussed to improve the system performance.
Introduction
The interest in and implementation of three-dimensional (3-D) projection displays is growing in various fields such as medicine, entertainment, security and engineering. An example of an application of a 3-D visualization system in the latter domain are 3-D models of cars to reduce the cost of physical prototyping.
Various types of 3-D visualization system have been proposed and demonstrated [1] . Projection systems are commercially available that use two projectors dedicated to display the left and right eye images. Polarizer sheets are placed at the projector's output to encode the two images into two different polarization states. Two approaches are possible to view the 3-D image information. A first type of system projects the images onto a nondepolarizing screen. The projected images are transmitted to the correct eye by means of polarization-sensitive eyeglasses. When the polarizer sheets convert the projector output to two linear states of polarization (SOPs) with orthogonal direction, the 3-D image information will be observed as long as the orientation of the head does not change. Tilted head motion can be allowed by converting the linear SOP of each projector to a circular SOP and by wearing circular polarization-sensitive eyeglasses. A second type of system, replaces the polarization-maintaining screen and the eyeglasses by a specific screen architecture that separates right and left eye image information into specific viewing zones. This can be realized by lenticular arrays [2] or in combination with liquid crystal (LC) cells [3] .
Projection systems using two projectors and polarization-sensitive eyeglasses have become widespread. They enable multiple spectators to view high-resolution, full-color images [4, 5] . On the other hand, eyeglasses are necessary to view the images, and only binocular parallax is used to generate a depth cue. Because the system uses two projectors, the size is twice that of a two-dimensional (2-D) projection display, as is the power consumption. The projected images of both projectors need to be precisely aligned, and the global image can be scaled only when the projection optics in both projectors are identically changed. The polarization direction of the polarizers at the output of both projectors needs to be perfectly aligned. They also have to be aligned with respect to the SOP exiting the projectors [6] and with the polarization direction transmitted by the eyeglasses. For projectors that use Digital Light Processing light modulators, 50% of the light is lost at the polarizer sheets. Projectors that use reflection-or transmission-type LC light modulators will lose 50% twice owing to the necessary linear polarized light for modulation and the polarizer sheets at the output.
In order to solve these problems, it has been suggested that both projectors be combined into one optical system [4] . Takizawa et al. [4, 5, 7] proposed a 3-D projection display using a single projection system that produces left and right eye images simultaneously by using reflection-mode light modulators. The feasibility of this system is discussed based on mathematical analysis of the system's properties, assuming that nearly all the light interacting with a polarizing beam splitter (PBS) propagates at 45°re-lative to the normal of the PBS coating. Kim and Kim [6] proposed a method to change the output SOP of a LC device projector such that placing polarizer sheets in the two-projector approach becomes unnecessary.
In this paper, we present a projection system that can generate both the left and the right eye image by using a single optical core. It does not require prepolarizing the illumination light beam or of using polarizer sheets at the output. This drastically increases the possible efficiency. The optical core consists of two independent light paths in which two linear polarized full-color images with orthogonal SOPs are generated by using high-resolution liquid crystal on silicon (LCOS) panels. The LCOS panels are not illuminated with a white light source, e.g., an ultrahigh-performance discharge lamp or a xenon lamp, but with light emitting diodes (LEDs). These light sources enable compact, low-maintenance projectors with an extended color gamut [8] .
The paper is organized as follows. In Section 2, we explain the architecture of the optical core, and we describe the design of the illumination system with LEDs. In Section 3, we discuss the simulated characteristics of the projection system with nonsequential ray tracing software. In Sections 4 s5, respectively, we overview the demonstrator setup and investigate the characteristics of the prototype. In Section 6 we provide specifications for the components used in the optical core to obtain a system with a high contrast, wide color gamut, and high optical efficiency. Finally, we draw conclusions in Section 7.
System Architecture

A. Design of the Optical Core
An optical core with two independent light paths can be created by using four separate PBSs that are positioned such that their polarization splitting surfaces form a cross shape [9] . This is shown in Fig. 1 . A first PBS is used to split unpolarized light from the illumination system into two orthogonal SOPs. This creates two light fluxes: p-polarized and s-polarized light beams that propagate, respectively, toward a second and a third PBS and thus provide the necessary linear polarized light to be modulated by the LCOS panels. Because the extinction ratio of the PBSs is limited, a prepolarizer is placed before the second and the third PBS. This ensures that the light entering both image processing light paths is strictly linearly polarized in one direction.
To modulate the light we use two LCOS panels in each light path. These are located at the exterior facets of the second and the third PBS. Each set of LCOS panels needs to modulate the three primary colors (red, green, and blue). To obtain a white point corresponding to a particular color temperature, for instance D65 (6500 K), a certain luminous flux ratio needs to be respected between the primary colors. Because green is the least efficient color for LEDs, we have chosen to illuminate one panel continuously with green light and the other panel color sequentially with red and blue light. This implies that the input direction of polarization needs to be rotated by 90°for the green primary color compared with the red and blue primary colors. To achieve this, a wavelength selective half-wave plate (HWP) for green light is placed between the prepolarizers and the input facets of the second and the third PBS. The latter component consists of a stack of retardation films that rotate the state of polarization of green light by 90°, while the other primary colors retain the input state of polarization [10] . It is characterized by narrow transition bandwidths and near insensitivity to the incident angle.
To recombine the modulated light of both light paths toward the projection lens, we use a fourth PBS. Before that light enters this component, a second wavelength-selective HWP for green is passed. This is necessary because light originating from a pixel in the on state of the green LCOS panel will have a SOP orthogonal to the on state light of the red and blue LCOS panel. Also, a cleanup polarizer is placed between the HWP and the fourth PBS to increase the contrast of each projected image.
B. Design of the Illumination System
We use amber (reddish color), true green, and blue OSTAR projection multichip LED modules from OSRAM [11] as light sources. These LED modules consist of a 2 × 2 matrix of semiconductor dies, with a square shape, that emit directly into air with a Lambertian radiation pattern. Their light output is collimated by a transparent compound parabolic concentrator (CPC) with a square input facet [12] that matches the dimension of the LED matrix (4 dies of 1 mm × 1 mm with a 0:1 mm spacing). To increase the available light output we use two LED modules for each color, as shown in Fig. 2 . This means that, for each color, the light output of the square output facets of two CPCs placed together form one rectangular spatial light distribution that needs to be transformed toward the LCOS panels.
The transmission and reflectance characteristics of a PBS depend on the angle formed by an incident ray with the PBS coating. Therefore, it is necessary that the light beam propagating through the optical core be telecentric to ensure color uniformity of the projected image [13] . Such a telecentric illumination system can be designed by the succession of a position-to-angle and an angle-to-position transformation. Between both lens systems, required for the latter transformations, a lenslet integrator is placed [14, 15] . This is crucial to ensure uniform illumination of the LCOS panels in case of failure of one of the LED dies or in case the LED dies differ in brightness because of different aging behavior or because of a nonuniform CPC output.
The LCOS panels that are used for this projection system have a diagonal of 0:82 in: and a 4∶3 aspect ratio. The lenses in the illumination system are optimized such that these panels are uniformly illuminated with a 10% surface overfill and such that the incident angular light distribution corresponds to the acceptance angle of the projection lens, which has an f -number of 2.3. Thus, we obtain a system éten-due of 32:5 mm 2 sr, whereas the étendue of two OSTAR LEDs, optically coupled with two CPCs, is 61:0 mm 2 sr. The CPCs are made of poly(methyl methacrylate), which has a refractive index of 1.48. To calculate the étendue E we used Eq. (1), in which n is the refractive index of the material in which the light is emitted, A is the area, and θ is the half top angle. The light rays that do not fit the system étendue will not be imaged by the projection system. These rays are not accepted within the rectangular angular input distribution of the lenslets of the integrator. This will lead to cross talk between the lenslets and cause ghost images surrounding the LCOS panels [14] . Because the lens system preceding the lenslet integrator transforms the rectangular spatial light distribution of the collimation optics to a rectangular angular light distribution at the lenset integrator, these rays originate from the outer sides of both CPC output facets. Mirror recuperation can be used to convert part of this light within the system étendue [12] . For this, part of both CPC output facets needs to be covered with specularly reflective tape. Incident light will be reflected by the tape and guided back to the LED. These rays will partly reflect onto the LED and possibly fit the system étendue.
Simulated Characteristics of the Projection System
We have used the Advanced Systems Analysis Program (ASAP) [16] , a nonsequential ray tracing software, to simulate, characterize and optimize the optical core and the illumination system as described in Section 2. This approach provides us with essential information on how the acquired optical components will perform in the prototype setup and on the consequences of using components with specific properties that differ from what is ideally needed.
A. Simulation Model of the Optical Core
The optical core comprises four identical MacNeille PBSs in SF2 glass with facets of 5 cm × 5 cm. The large size of the PBSs is necessary to maximize the transmission efficiency through the optical core. Their dimensions can be reduced when PBSs are used with different sizes. The components of the optical core are not optically glued together because we did not want to limit the initial design flexibility of our demonstrator setup. Therefore, all facets of the PBSs are simulated with antireflection (AR) coatings. We used the Essential Macleod [17] optical thin film design program to design the multilayer MacNeille coating of the PBSs. Between the PBSs we leave a space of 1 cm to place the other components. The wavelengthselective HWPs are approximated by HWPs that are present only when rays within the green spectral region are traced through the system. This assumes that the spectral characteristics of the HWPs are perfectly matched to the spectrum of the green OSTAR LED and that the spectrum of the red, green, and blue LEDs do not overlap. The polarizers in the system are simulated by wavelength-independent components with an extinction ratio of 950∶1 and a transmission efficiency of 76% of the desired polarization direction. These values correspond to the characteristics of the polarizers used in the demonstrator system. In MacNeille PBSs skew ray depolarization occurs because the polarization axes of light reflected or transmitted at the PBS coating rotates as a function of the ray direction. Therefore, the cleanup polarizers cannot stop all the rays originating from the LCOS panels in the off state (black) from propagating toward the projection lens, which inherently decreases the contrast. This can be compensated by placing a quarter-wave plate (QWP) between each PBS and LCOS panel [18] . In a round trip, skew rays will undergo a polarization reflection by means of the halfwave retardation to correct the polarization state rotation due to the skew ray effect. Another approach is to use PBSs for which the polarization axis of the reflected or transmitted light is independent of the ray direction. In wire-grid PBSs the polarization axis is fixed by the direction of the metallic wires [19] . Unfortunately, we cannot use wire-grid PBSs for PBS 2, 3, and 4 because this would introduce astigmatism for the images that are transmitted through the wire-grid coating but not for images that are reflected by it. This makes it extremely difficult to compensate for astigmatism in the projection lens.
B. Contrast
Dependent on the application of the projection system, the full-on/full-off contrast ratio can be defined in two ways. When the viewer will directly see the projected image without special glasses or screen technology, the ratio is the light output when both LCOS panels that modulate the same color are in the on state divided by that when all LCOS panels are in the off state. For a 3-D enabling projection system, the ratio is the light output when one LCOS panel is in the on state divided by that when all LCOS panels are in the off state. The light output is additionally analyzed by an ideal polarizer such that we obtain the contrast ratio of both orthogonally polarized images.
The simulated contrast values, at the dominant wavelength of the OSTAR LEDs, are given in Table 1 . We see that the contrasts of the 2-D system and of the polarized images of the 3-D system are nearly the same. In our simulation, the light output of both polarized images is equal. We further remark that the contrast for green and blue is smaller than for red. This can be explained by the lower transmission and reflectance behavior of the simulated MacNeille PBS coating. Because of this, the on-state flux is lower, but, more important, the off-state flux is higher because of increased skew ray depolarization.
We simulated that the bottom limit of the off state is determined by insufficient compensation of skew ray depolarization by the QWPs and not by stray light. The impact of skew ray depolarization on the contrast could have been reduced by choosing a larger f -number. However, this would negatively impact the system étendue. Further contrast improvements can be obtained by using retarder stack filters designed specifically for skew ray compensation in MacNeille PBS-based projection systems [18] and by using PBSs with a flat transmission and reflectance characteristic.
C. Color Desaturation
In Subsection 3.B we assumed that an LCOS panel in the on state is illuminated strictly by its designated color. It is possible, however, that an LCOS panel is illuminated by light that does not correspond to the color information of its pixels. If this light reaches the projection lens, then the saturation of the primary color that is supposed to be modulated by that LCOS panel will decrease. Consequently, the color gamut of the projection system will decrease, too.
We simulated the light output when the LCOS panel for red and blue is in the on state and green light propagates in the optical core. The same was done for red and blue light when the LCOS panel for green is in the on state. We observed a variation of the light output smaller than 0.1% for green and blue light and less than 0.01% for red light. As in Section 3. 
B, we see that the quality of the PBS coating influences the simulation results. We conclude, however, that the color desaturation in a simulation model with LED spectra that match the characteristics of the HWPs is negligible.
D. Consequence of Using PBSs with Only One AR Coated Facet
The MacNeille PBSs that are used for the demonstrator setup have only one facet that is AR coated. Because of this, we investigated the effect on the system contrast and whether there are any beneficial configurations for the PBSs in the optical core. We observed that the lowest off-state light output is obtained when the AR coating is placed in front of the LCOS panel that is illuminated. This can be understood by the fact that the bottom limit of the contrast is restricted by skew ray depolarization. When an AR coating is missing at the PBS facet in front of an illuminated LCOS panel, more light will be reflected at the glass-to-air interface. The polarization vector of these rays has been slanted owing to skew ray depolarization and will be only partly stopped by the cleanup polarizers. For light rays that propagate to and reflect off the LCOS panels, this effect is minimized by the QWP.
We have chosen to place the second and third PBSs such that the AR coatings are facing both red and blue LCOS panels. Thus, we optimize the contrast for these two colors. The AR coating of the first and fourth PBSs are, respectively, facing the third and second PBS. This ensures that rays in both light paths encouter the same number of AR coatings. The simulated full-on/full-off contrast for both light paths in this configuration is given in Table 2 . We see that the contrast ratio for red and blue has slightly decreased compared with the configuration in which all PBS facets are AR coated (Table 1) . On the other hand, the green contrast is more than halved because of the missing AR coatings.
Demonstrator Setup
To validate the theoretical design and the simulation results, we have built a prototype of the discussed projection system. It consists of three parts: the illumination system using LEDs, the optical core with LCOS panels, and the driver and synchronization electronics for the LEDs and the LCOS panels. A picture of the demonstrator is shown in Fig. 3 .
A. Illumination System Using LEDs
For every primary color, two CPCs collimate the light emitted by two OSTAR LEDs. The CPCs are optically coupled with the LEDs with index matching gel. To precisely position both CPCs with the semiconductor dies of the LEDs, we designed and fabricated an alignment structure. The LEDs are attached to this aluminum module with a thermal joint compound. An active heat sink is used, stuck to the back side of the module, to provide sufficient cooling of the LEDs during operation. The lenslet integrator, used to ensure uniform illumination of the LCOS panels, was custom made by the Fraunhofer Institute [14] .
B. Optical Core with LCOS Panels
Four 0:82 in: QXGA (quad extended graphics array) resolution (2048 × 1536) vertically aligned nematic LCOS microdisplays from Gemidis [20] are used to modulate the images. To precisely align the pixels of all LCOS panels, we attached each LCOS panel to a six-degree-of-freedom positioning stage. The QWPs are fixed in a structure such that they can be rotated to achieve maximal contrast.
C. Synchronization of LEDs and LCOS Panels
The internal refresh rate of the Gemidis LCOS panels is 120 Hz. Each image frame is written twice into the LC cells of the LCOS panel. During the first writing cycle, the state of the LC cells is altered. Next, the same information content is written in the LC cells, only the applied voltage is now opposite to that of the first writing cycle. This results in an effective frame rate of 60 Hz. In our projection system, the red and blue images are formed by the same LCOS panels. Thus, the latter process needs to be repeated twice to display both color components of one image frame. Therefore, we are able to display red and blue images only at 30 Hz as opposed to green images at 60 Hz. Because of this, all red and blue colored areas flicker constantly. This is perceived as less disturbing for blue than for red. These visual ar- 
The AR coatings of PBS 2 and 3 are facing the LCOS panel for red and blue modulation. Fig. 3 . Top view of the prototype projection system with the illumination system and the optical core located, respectively, at the left-and right-hand sides.
tifacts are a limitation with the current LCOS panels that can be overcome by using faster LCOS panels for the red and blue images.
When one panel is used to modulate two colors, it should not be illuminated while the state of the LC cells is altered; otherwise, a color gradient will be seen, purple in case of an LCOS panel illuminated by red and blue light. On the other hand, this will not be noticed when the panel is illuminated strictly by one color, as is the case for green. As long as the LCOS switching time is sufficiently fast, a two-LCOS-panel architecture is green limited [21] . Yet, the driving circuitry of the LCOS panels needs 8:3 ms to change the content of all pixels. This considerably reduces the attainable red or blue light output during each image frame and makes the prototype system red limited. Thus, we need to maximize the red LED's light output during each image frame and accordingly determine and adapt the pulse conditions [21] of the green and blue LEDs such that a D65 color balanced projection system is obtained.
Experimental Results
A. Color Gamut
We have shown in Subsection 3.C that color desaturation does not occur in a simulation model with wavelength-selective HWPs that are perfectly matched to the spectra of the LEDs. However, this is not the case in our demonstrator setup. In Fig. 4 we compare the measured spectra of the LEDs with the measured percentage of linear polarized light that is rotated to the orthogonal SOP by the wavelength selective HWPs. The latter was done by placing the component between two crossed polarizers. We see that part of the green LED spectrum as well as the red and blue spectra overlap with the polarization conversion characteristic, and thus, some wavelengths will not be correctly processed by the optical core; e.g., 90% of the green light at 500 nm will not change its SOP and will therefore propagate through the optical core via the red and blue light paths. Consequently, the color saturation of a red or blue image will decrease because of green light that is imaged onto the screen when pixels of the LCOS panels for red and blue are in the on state. This is schematically shown in Fig. 5 .
To investigate the occurring color desaturation, we analyzed the light output of both light paths when only the LCOS panel for red and blue is in the on state while the LCOS panels are illuminated with both red and green or blue and green light. In Fig. 6 we show the measured spectra. In both cases, we clearly distinguish the green wavelengths that are not correctly processed by the wavelength-selective HWPs. These decrease the color saturation of red and blue light. The same can be done for a green colored image when red and blue light also propagate in the optical core. In this case, we distinguish the red and blue wavelengths that overlap with the polarization conversion characteristic. Thus, the color saturation of green light decreases, too.
B. System Contrast
We measured the contrast of both light paths in the same way as defined for the simulations of the 3-D system in Subsection 3.B. The results are given in Table 3 . The contrast values are much lower than simulated in Table 2 . This can be explained by two deviations between the investigated simulation model (Subsection 3.D) and the experimental setup. First, the QWPs used to compensate for skew-ray depolarization are not AR coated; therefore Fresnel reflections will occur for the light rays propagating toward the LCOS panel when entering and leaving the QWP. The rays that reflect off the input facet of the QWP are not compensated for skew ray depolarization and will thus additionally decrease the contrast. The second reason is related to the wavelength-selective HWPs. The mismatch between the green LED spectrum and the wavelength selective HWPs decreases the green contrast. The two contributing situations are illustrated in Fig. 7 . First, light modulated by pixels in the on state of the green LCOS panel is not entirely imaged because rays are absorbed by the cleanup polarizer before PBS 4. Second, light modulated by the pixels in the off state of the green LCOS panel are not completely absorbed by the cleanup polarizer. Thus, the green light output in the on and off states will, respectively, decrease and increase which globally decreases the green contrast.
In Fig. 8 we show the spectral light output of the off state of a red, green, and blue image. We see that the green off state is due mainly to green light that is not correctly processed by the wavelength-selective HWPs. Also, the red and blue off states are affected by the wavelength-selective HWPs, but to a lesser degree.
C. Efficiency of the Optical Core
The measured efficiency of one light path is 4.5% for red, 3.5% for green, and 3.9% for blue. These values correspond to the theoretical calculation of the throughput of one light path (given in Table 4 ). For this, we need to take into account the additional efficiency loss due to the AR coatings that are not present on three of the four facets of each PBS and on both sides of the QWP. At a PBS-to-air interface 6% of the light is reflected. Five such interactions take place in the red and blue light path. The green light path has two more such interactions because the AR coatings of the second and third PBS face the LCOS panel that modulates the red and blue light (Subsection 3. D). At a QWP-to-air interface 4% of the light is reflected. Light has to pass this component twice, once while propagating toward the LCOS panel and once after modulation back to the PBS. This corresponds to four reflections. The stated reflection and transmission parameters of the PBSs are based on measurement data of the PBSs used.
The total efficiency of the optical core equals twice the experimentally measured values. This is because both light paths generate the same light output. If all components were AR coated, then the light output would be 61% larger for red and blue and 81% larger for green. Combined with the use of polarizers with a transmission of 90% or more and PBSs with a p-polarization transmission of at least 70%, a total light output efficiency can be obtained of 20% distributed over two images with equal light output.
Improvements
In Section 5 we showed that the match between the spectra of the LEDs and the polarization conversion characteristic of the wavelength-selective HWPs greatly influences the obtainable performance of the projection system. To avoid any decrease of the color gamut and to ensure a high contrast, it is necessary that all green wavelengths that propagate in the optical core be included in the wavelength region of the wavelength selective HWP that fully converts the SOP of the incident light rays. Moreover, green wavelengths that are in the transition bandwidth of the wavelength selective HWPs should not be used. The same applies for red and blue wavelengths. This can be achieved by an adequate design of the wavelength-selective HWPs combined with the right choice of primary light sources and by using narrow bandpass filters to trim the LED spectra, if necessary. Care should also be taken to include the spectral shift of the LEDs as a function of temperature. It is evident that the system performance will improve when all components are correctly AR coated relative to their configuration in the system.
Conclusion
We have discussed the design, simulation, and characterization of a projection system that generates two images with mutually orthogonal linear polarization by using one optical core. We have explained how four PBSs and four LCOS panels can be used to create fullcolor images. Also, the illumination system using LED light sources was described. With nonsequential ray tracing software we simulated and characterized the performance of the projection system. A demonstrator of the simulated optimized system was realized and experimentally evaluated. To ensure high contrast ratios and a wide color gamut we identified the need to perfectly match the wavelength-selective HWPs with the primary light sources. Based on the measurements and our understanding of the remaining loss mechanisms, we believe that a 20% light output efficiency of the optical core is feasible if a number of straightforward improvements are implemented. This light output is equally divided over both orthogonally polarized images.
